A new photolithographic technique that combines the advantages of a programmable digital liquid crystal display (LCD) system and projection photolithography system to fabricate arbitrarily shaped microstructures using LCD panels as real-time masks is reported. Its principle and design method are explained. Based on a partial coherent imaging theory, the process to fabricate microaxicon arrays and zigzag gratings is simulated. The experiment has been set up using a color LCD as a real-time mask. Microaxicon arrays and zigzag gratings have been fabricated by a real-time photolithographic technique. The 3-D surface relief structures are made on panchromatic silver-halide sensitized gelatin (Kodak-131) with trypsinase etching. The pitch size of the zigzag grating is 46.26 m, and the etching depth is 0.802 m. The caliber of the axicon is 118.7 m, and the etching depth is 1.332 m.
Introduction
In recent years, there have been substantial efforts in the fabrication of arbitrarily shaped 3D-microstructures because of their potential applications in the field of microoptics and micromachining. At present, different technologies, including laser beam direct writing, 1 e-beam direct writing, 2 gray-scale photolithography with coded gray-tone masks, [3] [4] [5] have been developed to fabricate arbitrarily shaped 3D-microstructures. Generally, these technologies are complex, time consuming, and expensive. The maskfabricated process is laborious, and the design lack's flexibility, i.e., once a design has been made on a mask, it cannot be changed unless a new mask is made.
A new photolithographic technique based on a liquid crystal display ͑LCD͒ real-time mask is proposed. The technique is an inexpensive one-step photolithography. The LCD mask can be modified according to experimental conditions in real time. This technique combines the advantages of a programmable digital LCD system and a projection photolithography system, which makes use of the flexibility of the former and the parallelism of the latter. The conventional photolithography is greatly simplified, as a single LCD mask can replace a set of conventional masks. Alignment between different levels of masks in conventional photolithography is no longer necessary if the LCD mask is used. Because the mask design can be adjusted in real time, it is comparatively easy to change the mask design to compensate for any nonlinear effects in aerial imaging, photoresist exposure, or development and substrate etching processes.
Principle of the Real-Time Photolithography Technique
The characteristics of liquid crystal and LCDs 6, 7 have been investigated extensively during the last decade. It is possible nowadays to control directly the voltage applied to each pixel by computer. The technologies for manufacturing LCDs are so developed that high-resolution LCD panels are readily available. This development has made it possible to utilize high-resolution LCD panels as photomasks for real-time photolithography.
In conventional gray-scale photolithography, because most microstructures require 3-D profiles, a 2-D mask needs to be coded so that light intensity through the mask is modulated to produce a desired exposure dose distribution, and a 3-D profile can be formed through postprocessing. Now the gray-scale photomask can be replaced by a LCD panel with real-time control of pixel switching. To use the LCD for photolithography, the 3-D profile of the microstructure is first discretized into contours according to its height. Each contour plane corresponds to a specific height of the 3-D profile. All the contour planes are stored in a computer. Controlled by the computer, the LCD panel displays the contour planes frame by frame. The photoresist is then exposed frame by frame. The exposure time is determined by the display time of each frame, which is the function of the 3-D profile height. The exposure time is longer for a particular height contour, where a higher exposure dose is needed. Here the exposure time as a freedom degree is introduced to modulate the total exposure dose. The total exposure time is the sum of the display time of all the frames of height contour.
As an example, a microaxicon shape ͑a microlens with conical profile͒, shown in Fig. 1 , is used to explain the principle. Assuming R is the radius of the axicon and h is the height, in Cartesian coordinates the function of the desired axicon surface profile can be expressed as:
At the X-Y coordinate plane, the height contours of the axicon are calculated and is plotted in Fig. 2 . Thus, each contour plane can be expressed as:
where r i is the corresponding radius of the i'th contour plane and 0Ͻr i ϽR. n represents the total number of contour planes, namely, the discretized steps of the height ͑height division͒. It is obvious that the finer the height division the better the profile is approximated. However, one has to compromise with the resolution of the LCD panel and the mask data volume, which increases considerably with the increase of discretized steps. If the convex-shaped axicon is fabricated by use of the positive photoresist, according to Eq. ͑2͒, the transmittance of the i'th contour plane should be expressed as:
Namely, the light is not allowed to be transmitted inside the contour region, but transmitted outside it. The LCD panel displays these contour planes from the first frame to the n'th frame. If the display time of the i'th frame is t i , the imaging intensity distribution of the i'th frame is I i on the surface of photoresist, then the total exposure dose can be obtained as:
Therefore, by adjusting the two parameters t i and I i appropriately, arbitrary exposure dose distribution can be obtained to form the desired photoresist profile. To determine t i , the total exposure time that will fully expose the photoresist layer should first be determined according to the light intensity transmitted through the LCD and the total desired exposure dose. For example, if it is 90 s, the overall height is divided into 30 steps and the height between any contiguous two steps is equal. The display time of every frame can be calculated as 90 s/30ϭ3 s, assuming the transfer of pattern is linear in the photoresist development and etching. Figure 3 shows the series of LCD mask patterns for the microaxicon. In projection photolithography, the LCD mask patterns need to be demagnified by a focusing lens. In the optical imaging system, because of the diffraction and defocus effect, it will give rise to aerial image distortion. Using the LCD real-time mask, a compensation scheme can be programmed into the LCD frame display. The display time of each contour frame can be adjusted to precorrect the nonlinear effects in the photoresist development and etching so that the desired 3-D relief structure can be formed on the photoresist.
Simulation
Based on the previous principle, the photolithography imaging processes of the axicon and the zigzag grating structure using the LCD real-time mask have been simulated. The overall height of the zigzag grating structure is divided into 20 steps and the axicon height is divided into 64 steps. The contour planes were calculated and plotted, respectively. The aerial image intensity distribution of each contour plane is then calculated. The exposure dose for each contour plane is the light intensity multiplied by its corresponding display time. The sum of exposure dose of all the contour planes gives the total exposure dose. The LCD real-time mask is illuminated by a partial coherent light source. According to the theory of partial coherent imaging and the concept of Hopkins' effective light source, the intensity distribution on an image surface may be expressed as 8 : 
͑5͒
where the complex amplitude transmittance function of the mask is T object (x,y), U( f x , f y ) is the spectrum of the object that can be obtained by the Fourier transformation of T object (x,y), the numerical aperture of the objective lens is NA, the exposure wavelength is , is the partial coherent factor of the light source, I eff (x s ,y s ) is the intensity of the effective source, and H(x s Ϫ f x ,y s Ϫ f y ) is the pupil function. A program has been developed to calculate the light intensity distribution of each frame graphic and the total exposure dose distribution from the LCD real-time mask.
The calculated dose distributions of the zigzag grating and axicon are shown in Figs. 4 and 5 ͑ϭ0.5 m, ϭ0.8, NAϭ0.5). The contour lines of the exposure dose distribution for the axicon are shown in Fig. 6 . It can be seen that the simulation shows a good result.
Experiment
To confirm the principle of a real-time photolithography technique, experimental lithography of panchromatic silver-halide sensitized gelatin ͑Kodak-131͒ has been carried out. Due to the availability, a color transmittance LCD panel was used as the real-time mask, though a black/white LCD can equally do the job. This gelatin material was used as the photosensitive layer because it is sensitive to visible light. The gelatin spectral sensitivity ranges from 400 to 680-nm wavelengths, and the thickness of the gelatin layer is 9 m. Gelatin has been used previously for the fabrication of microoptical elements. 9 The experimental system for LCD-mask lithography is shown in Fig. 7 . The LCD is controlled by a PC using a video graphic card. All the mask patterns have been calculated and stored in the PC. The mask image from the LCD is then demagnified and projected on the surface of photosensitive material. Although the process conditions for silver-halide sensitized gelatin have been reported before, 10 for our particular application, an optimized process has been developed. The process steps are as follows: The exposure contours designed for the LCD mask using the axicon structure. 
Conclusion
A novel photolithography technique using LCD panels as a mask for the fabrication of arbitrarily shaped microstructures has been demonstrated. Controlled by a computer, a single LCD panel can display a series of mask patterns and perform a series photolithography, which would otherwise have to use a set of masks from conventional photolithography. The 3-D profile on photosensitive layers is realized by dividing the height of profile into a large number of steps. Each step corresponds to a contour plane. Each contour plane is a mask pattern displayed by the LCD. The exposure dose of each contour plane is controlled by the illuminating time. Microoptical elements, such as axicon and zigzag gratings, have been fabricated by the technique. There are no conventional masks needed for the photolithography and a 3-D profile can be imaged in one-step lithography. Using only an LCD panel, mask patterns for a large variety of different microstructures can be generated directly by a computer by developing a program. Moreover, the cost of LCDs is lower and lower, and the running speed of computers has been improved greatly, such that the time for the storage and manipulation of the large files is so short that the impact on exposure can be neglected. Thus, it is low cost and fast technology. At present the lithography is done in a visible wavelength. It should be possible to use a UV light source, provided a UV transparent LCD panel is available. The technique is most suitable for the patterning of micrometer dimensions. For smaller features, the minimal feature size of the fabricated elements is limited eventually by the resolution of the projection system. It should be noted that the imaged size of each LCD pixel must be greater than the resolution of a projection system for obtaining a high-quality image, so the value of the demag must be selected appropriately. Thus the minimal feature size of the fabricated element can be greater than or equal to the imaged size of each pixel. 
